Differential cross sections for the reactions e-+ p + e-+p+rO and e-+p + e-+n+x+ have been measured near the A(1236) resonance a t four-momentum transfers of 0.05, 0.13, 0.25, and 0.4 ( G e v /~)~. A few measurements of the r+ angular distribution have been obtained at a four-momentum transfer of 0.6 (GeV/c)Z. Cross sections for the x O reaction are compared with dispersion-theory predictions a t several pion-nucleon c.m. energies for each four-momentum transfer. A phenomenological analysis of the ao results leads to the determination of the magnetic dipole and electric quadrupole partial-wave amplitudes and the yNA transition form factor. Evidence is found for the existence of a significant scaler-transverse interference term in the cross section, which is tentatively associated with the resonant scaler quadrupole interaction. Cross sections for a+ electroproduction are compared with dispersion theories using the pion form factor as a free parameter. The results suggest a form factor similar to that of the proton. -1 fit to the form-factor results, using the p-dominance model, requires m,=560f 80 MeV. The rms pion charge radius is estimated to be <r2>t=0.86~k0.14 F.
I. INTRODUCTION
In 1959, Frazerl" pointed out that a measurement of T HE first measurements of high-energy inelastic electron scattering from hydrogen were performed by Panofsky and collaborators between 1956 and 1958.' ~a t e r experiments, in which only the scattered electron has been detected, have explored the region of pionnucleon c.m, energ>-from the single pion threshold to above the A(1236) resonance in considerable detail, a t four-momentum transfers below 0.8 (GeV, c )~.~-~ During the same period, other laboratories have investigated the excitation of the A(1236) and higher pion-nucleon resonances at four-momentum transfers up to 3.6 (Gev/~)~.j-' In addition, a limited number of measurements of the single pion electroproduction reaction e-+p -t e-+p+rO, in which the final-state proton has been detected in coincidence with the scattered electron, have been obtained by several group^.^^^^^ ' W. Bartel, B. Dudelzak, H. Krehbiel, J. SZcElroy, U. hfeyerBerkhout, IV. Schmidt, V. Walther, and G. Weber, Phys. Letters 28B, 148 (1968) .
W. Baba, X. Kajiura, S. Kaneko, K. Hake, R. Kikuchi, the pion form factor-could be obtained by extrapolating angular distribution measurements of the reaction e-+p -+ e-+n+~+ to the one-pion-exchange (OPE) pole. So far, the experimental accuracy necessary for this extrapolation has not been achieved. However, Akerlof et al." have exploited the dominance of a longitudinal contribution to the cross section in the above reaction due to OPE to obtain a measurement of the pion form factor. Akerlof et al. made measurements at several electron scattering angles in an effort to isolate the longitudinal contribution to the cross section, but, because of the difliculties associated with large-angle electron-scattering coincidence measurements, the separation was not possible and it was necessary to rely on the dispersion theory of Zagury12 in order to estimate the pion form factor. The variation of the cross section with electron-scattering angle supported the hypothesis of a large longitudinal contribution to the cross section, but the values obtained for the pion form factor depended, almost entirely, upon the small-angle measurements. Until the precision required for an extrapolation to the pole can be achieved, measurements of the pion form factor based on electroproduction experiments must rely heavily upon theoretical estimates of backgrounds to the OPE contribution. Objections to the whole electroproduction approach can only be answered by a detailed comparison of available theories with TABLE I. Summary of kinematic regions covered by the coincidence measurements of inelastic electron-proton scattering. The asterisk indicates that angular distribution measurements have been made for the kinematic region listed in columns 1-6.
---q2 ( G~V / C )~ K (GeV)
ee ("1 e e -+ p + e -+~+ T O e-+p-te-+n+xf measurements of both no and the n+ reactions over a wide kinematic range. I n the present paper, coincidence measurements of the angular distributions for the reactions e-+p--+ e-+p+nO and e-+p -+ e-+n+n+ are presented for pion-nucleon c.m. energies in the region of the A(1236) resonance a t four-momentum transfers near 0.05, 0.13, 0.25 and 0.4 ( G~V / C )~. A limited amount of n+ data have been obtained a t a four-momentum transfer of 0.6 (GeV/c)*. Summaries of the results have been published elsewhere.13J4
I n addition to permitting a detailed test of the theories, the no data have provided a good deal of reasonably model-independent dynamical information. 15 The assumption of the dominance of S and P pionnucleon partial waves at c.m. energies below 1350 MeV u has led to a determination of the resonant magnetic dipole amplitude and the electric quadrupole amplitude. The phenomenological description of the A as a particle excited by magnetic dipole radiation leads to the definition of a yNA form factor, which has been evaluated for four-momentum transfers up to 0.4 ( G~V / C )~. The no data also provide some evidence for the existence of the resonant scalar quadrupole amplitude at fourmomentum transfers of 0.13 and 0.25 ( G~V / C )~.
The n+ data have been analyzed in terms of the pion form factor in a manner similar to that employed by Akerlof et al. Although the form-factor values have been derived from more extensive data, they are subject to the same systematic errors as those encountered by the Cornell group. However, the results, which are in satisfactory agreement with the earlier data, have been interpreted with both of the presently available theories and have been assigned larger theoretical error to allow for differences in the dispersion models.
A summary of the kinematic range of the coincidence data is given in Table I . The 7P data cover polar angles (measured relative to the three-momentum transfer to the pion-nucleon system) between 120" and 170" c.m., approximately, and azimuthal angles between 30" and 170". The x+ data cover a slightly more limited range of azimuthal angle, for polar angles between zero and 40" c.m.
Electroproduction theory and related topics are discussed in Sec. 11. The apparatus is described in Sec. 111, and experimental procedures associated with data collection and analysis are described in Secs. IV and V.
Elastic cross-section values and noncoincidence inelastic scattering cross sections, which were measured periotlically during the course of the experiment, are summarized in Sec. VI. The results for the TO and r+ coincidence measurements are discussed in Secs. VII and VIII, respectively. Section I X considers improvements in experimental techniques which might be incorporated in future experiments and suggests directions for extending the work presented here. The differential cross sections measured in this ex~eriment are too numerous to present here and will be made available elsewhere.lG
ELECTROPRODUCTION THEORY AND RELATED TOPICS
A. Kinematics
The complete definition of a single-pion coincidence event requires the specification of five quantities (see Fig. 1 ). From the experimental standpoint, the most convenient are la For this supplementary material, orderNAPS Document 00500 from ASIS iYational Auxiliary Publications Service, yo CCM Information Sciences, Inc., 22 West 34th Street, New York, New York 10001; remitting $1 for microfiche or $3 for photocopies.
(1) the incident beam energy E ; (2) the scattered electron energy E l ; (3) the electron scattering angle 0,t ; (4) the polar angle Or,, which the positive pion or proton makes with p, the three-momentum transfer to the pion-nucleon system ; and ( 5 ) the azimuthal angle 4, between the electron scattering plane and the plane defined by 4 and the pion momentum 5.
The theoretical analysis of the reaction is simpler when the first three of these are replaced by
(1) q2, the square of the four-momentum transfer to the 7 -N system (positive in the metric employed here) ;
(2) 6V, the total energy in the a-:I' system; and (3) E, the polarization of the transverse components of the virtual photon.
Electroproduction of pions is most easily understood as photoproduction by virtual photons. In order to emphasize this correspondence, it is useful to introduce the variable K, the energy required by a real photon in the laboratory to produce the same pion-nucleon c.m. energy,
where qo (=E-El) is the energy transfer in the laboratory, qZ (=4EE1 sin2$0,= /q/2-qo220) is the invariant square of the four-momentum transfer, and M is the proton mass. Expressions for other useful quantities, in the limit of zero electron mass, are listed below, scattered electron energy,
(1) pion-nucleon c.m. energy, Starred quantities refer to the pion-nucleon c.m. system, e.g., energy transfer in the c.m. system, qo*= (Mqo-q2)/6f', three-momentum transfer in the c.m. system, q* = Mq,JW.
B. Virtual Photon Polarization
The only differences between the photoproduction and electroproduction of pions are that in the latter case the photon is virtual (q2#O) and has scalar and longitudinal components. These give rise to interactions which are not possible with real, purely transverse, photons. Because the interactions involving the scalar and longitudinal components are related by current c~nservation,'~ the nontransverse contributions to the cross section can be discussed be referring to either. We will write down quantities in the scalar notation, but the alternative description often appears in the literature and should be kept in mind.
I n experiments where only the final electron is detected, the cross section can be separated into two distinct parts. I n the notation of Hand2 where rr=---
Here we is the electron solid angle in the laboratory and ro,!rr= E is the polarization of the transverse components of the electromagnetic field. At q2=0, the transverse cross section O T reduces to the total photoproduction cross section for the same value of K.
For high electron energies and small scattering angles, the transverse components of the electromagnetic field are almost con~pletely polarized in the electron-scattering plane and the same types of experiments which can be done with polarized photon beams can be done with electron scattering. I n situations where the scalar interactions do not co~nplicate the interpretation of the data, the fact that the virtual photon polarization is nearly complete, and its energy well determined, can be an asset. I n the present series of measurements the polarization was approximately 0.98. The consequences of this are quite evident in the distinct azimuthal asymmetries in the data presented in Secs. VII and VIII.
C. Cross-Section Formula
The triply differential cross section nlay also be expressed as a product of two factors, one FT, describing the electron-photon vertexls and another representing l8 Two different definitions of the kinematic factor r r exist in the literature. The factor used by Akerlof et el. (called I'A here) is related to rr hy I'a = F T / q j/K, where Iq I is the three-momentum transfer in the laboratory. Since the ratio ( Iq 1 /K),2-p=.l, the two definitions are equivalent in the photoproduction hrnit. For finite values of q2 our cross sections u are related to those of Akerlof el el., u.4. u = ( ( q / / K ) u a = ( jq* / W /~% f K ) u a .
Thechoice of I ' factors is somewhat arbitrav. Our I'T agrees with that originally proposed by Hand (Ref. the interaction of the virtual photon with the strongly interacting particles. In an extension of Hand's notation2 we write where Q, is the pion solid angle in the a-N c.m. system and The first term in Eq. (5) is entirely due to transverse interactions and reduces to the corresponding photoproduction cross section a t q2=0. The second term is purely scalar and is absent in photoproduction.
Experiments involving the detection of the scattered electron alone measure the integral of the above two terms over all pion angles, summed over both decay modes of the A. The measurements of Lynch et aL3
indicate that the ratio u O / u~ increases with q2 to a value of 0.37 a t q2=0.3 (GeV,/cY and then decreases again a t higher y2. A recent measurement by BEtournC et aL4 has indicated a significant scalar cross section a t q2=0.13 ((;~V/C)~ near threshold. These measurements are interesting but cannot deternline whether the scalar interaction appears in the ao or in the *+ production process.
As noted in Sec. I, the recent work of Berkelman and co-workers a t Cornell" has shown that there is an appreciable scalar contribution to the a+ cross section a t Or*= 0°, which has been interpreted to be due mainly to the presence of the OPE process involving the a+ form factor.
The third tern1 in the cross section is due to transverse-transverse interference and has been observed with real polarized photons by groups a t StanfordIg and FrascatitO and in electroproduction by Akerlof el aL9 a t Cornell. This term is quite large and is one of the outstanding features of the data presented here.
The fourth term in the cross section is due to scalartransverse interference and had not been observed prior to this experiment. I t shows up clearly in the T-cross sections, where it is expected on the basis of the pion pole diagram. The surprising fact is that it also appears in the ao data, which are unaffected by the pion pole term, except through final-state interactions.
D. Dynamics
The form of the cross section discussed above is based on the assumption of one photon exchange and contains no other dpnamical assumptions. In order to say more it is necessary to rely on a theoretical model for the interaction of the virtual photon with the strongly interacting particles.
The description of the process as a function of K is, in general, extremely complicated and the backgrounds are not well understood. So far, the only region for which reliable theoretical predictions can be made is that near the well-known A(1236) resonance. In 1957, Chew, Low, Goldberger, and h'ambuZ1 (CGLN) described the general features of pion photoproduction in this energy region using the method of dispersion relations. In 1958, the theory was extended to electroproduction by Fubini, Xambu, and WataghinZ2 (FNW). This theory was shown by Hand,2 in 1963, to be in reasonably good agreement with experimental measurements of pion production up to 0.39 ( C ;~V / C )~ for the case where onlv the scattered electron was detected. A comparison of the theory with a set of a+ differential cross-section measurements was made in 196jZ3 following the experiment by Akerlof et al." Although these measurements were not a stringent test of the theory, the agreement was surprisingly good.
The earlv dis~ersion theories of CGLX and FNW , .
were static models which assumed an infinitely massive nucleon. Their range of application in electroproduction was, therefore, limited to four-momentum transfers below about 0.4 ( G~V / C )~. Two recent calculations have been performed by Zagurp12 and b;\. Adler." The most outstanding improvement offered by these theories is the fully relativistic treatment of nucleon recoil. In these theories, the pion production amplitude consists of the Born terms, dispersion-integral estinlates of the most important partial-wave amplitudes, and an estimate of the final-state interactions involving the rescattering of the pion from the outgoing nucleon. The amplitude contains no free parameters and involves pion-nucleon phase shifts, nucleon form factors, and the pion form factor through the OPE term.
The dominant process in this energy region is the resonant magnetic dipole MI+ transition to the 3-3 state (the notation is that of CGLK, where the 1 implies that the pion is in a state with orbital angular momentum l= 1 and the f implies that the total angular momentum is 1 plus 3). The presence of this amplitude is evident in the angular-distribution measurements for photoproduction, especially for the aO+p final state.
The a" cross section is more com~licated and contains appreciable nonresonant contributions from the large S-wave electric dipole amplitude, which dominates n+ photoproduction near threshold, and the pion pole term. There are many other smaller contributions z1 G. F. Chew, 11. L. Goldberger, F. E. Low, and Y. Xan~bu, 19D. J. Drickey and R. F. hloslev. P h~s . Rev. 136, B543 Phvs. Rev. 106, 1345 (1957) .
-. to the cross section, some of which have not yet been calc~ilated.
APPARATUS
The apparatus, which is shown in Fig. 2 , was similar t o that used in recent measurements of elastic electronproton scattering and quasielastic electron-deuteron scattering a t H a r~a r d .~~~~~ An external electron beam from the Cambridge electron accelerator was focused upon a liquid-hydrogen target and electrons scattered a t the appropriate angle, within a 14% momentum interval centered upon the peak of the A(1236) resonance, were detected in a halfquadrupole magnetic spectrometer. Protons and positive pions were detected in coincidence with scattered electrons by a counter array consisting of three scintillation counters, a 1 2 x 1 2 scintillator hodoscope and a Plexiglas Cerenkov counter, protected from the background flux of low-energy charged particles by a sweeping magnet.
The data associated with each event were processed by an on-line PDP-1 computer and stored on magnetic tape. S o attempt was made to separate pions from protons during data taking. particle identification was accomplished during subsequent analysis using pulseheight information from the first two scintillation counters and the Cerenkov counter of the coincidence array.
A. Electron Beam and Target
The incident electron beam was focused to form a spot, typically 3 mm wide by 1 mm high, at the target position. The size and position of the spot were observed by lowering a carefully surveyed tungstate screen into the electron beam a t the target position and viewing Phys. Rev. 173, 1357 (1968 . the fluorescence with a closed-circuit television system. Unscattered electrons passed through a tuned rf cavity, which monitored the horizontal position of the beam 3 m downstream from the hydrogen target, traversed a 0.4 radiation-length secondary-emission monitor (SEM), and were collected by a well-shielded Faraday cup. The Faraday cup current was transmitted to an integrator circuit which was calibrated to better than 0.1%. The over-all uncertainty in the measurement of the beam flux is estimated to be less than 0.4%. The SEM was used only as a relative monitor to check the long-term stability of the Faraday cup and integrator system.
The incident beam passed axially through a cylindrical target cup approximately 5 cm long and 3 cm in diam, constructed of 0.013 cm Mylar with 0.004 cm aluminum end caps. The liquid hydrogen was condensed from tanks of gaseous hydrogen using cold helium gas as a refrigerant. The details of the cryogenic system are described in Ref. 27 . Several nominally identical target cups were used throughout the course of the experiment. Their lengths were measured a t room temperature and a -0.4% correction was applied to allow for the change in length upon cooling.25 The number of protons per unit area of the target was calculated using a value of 0.0708 g/cm3 for the density of liquid hydrogen a t 1 atm and is estimated to be in error by less than 0.5%.
B. Electron S~ectrometer
The electron spectrometer, which consisted of a halfquadrupole magnet followed by a series of scintillation counters, a Cerenkov counter, and an electron shower counter, has been described in detail by Goitein et aLZ5 The entire svstem was mounted on a massive il~ovable platform which could be rotated in the horizontal plane about a pivot situated beneath the center of the target.
The half-quadrupole magnet was a standard CEA 30-cm quadrupole magnet split vertical1~-, with one-half replaced by an iron flux-'eturn piece. A 1.2-m-long lead plug, held centrally in the gap, shielded the scintillation counters in the focal plane from direct line of sight of the target. The electron solid angle was defined in the horizontal plane a t the rear of the magnet by a 5-cm-thick lead and tungsten aperture, and in the vertical plane in front of the quadrupole by 1.5-cmthick, tapered tungsten jaws. Each effective aperture, one corresponding to electrons passing over the central plug, the other to electrons passing below it, subtended a solid angle of approximately 0.4 msr a t the target. The error in the electron solid angle is estimated to be 1.2%. The use of a half-quadrupole magnet allowed small electron scattering angles to be employed, with a consequent increase in the counting rate and in the virtual 27 M. Goitein, Ph.D. thesis, Harvard University, 1968 (unpublished) . h f I S T R E T T A e t a l .
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C HALF QUADRUPOLE i l n detection of electrons associated with a fixed pionnucleon c.m. energy in a particular spectrometer energy bin. The tilt of the counters could be adjusted remotely between limits of 52" and 90" to the spectrometer axis. photon polarization. The minimum attainable electron scattering angle was approximately 6.5'.
Scattered electrons passing through the magnet were focused on to an array of 25 scintillation counters ( Fig. 3) , which defined the crossing point of trajectories within a momentum band of &7% about the central momentum determined by the magnet current. The counters defined momentum intervals which were nominally 1% wide, with the exception of four 3% bins around the central momentum. The over-all momentum resolution of the spectrometer varied between 1.5 and 3% (full width a t half-maximum), depending on the scattered momentum, and led to a resolution of f 20 MeV in W. The resolution was limited by the length of the target, the vertical extent of the electron beam, and multiple scattering of the scattered electrons.
Directly behind the momentum-defining counters was an array of ten electron-angle counters which effectively subdivided the electron aperture into vertical slices for more precise definition of the electron-scattering angle and thus of the direction of the momentum transfer to the target proton.
Discrimination against negative pions was provided by a Freon-C-318-filled threshold Cerenkov counter and by a lead-Plexiglas shower counter. The background was sufficiently small that either of these counters used alone would have been sufficient to define electrons. In practice, the counters were adjusted to be 100% efficient for electrons during data taking. Small biases, reducing the electron-detection efficiency to between 95 and 98%, were introduced when the data were analyzed. With these biases, the pion contarnination was negligible. Possible contamination by electrons from Dalitz decay of neutral pions was checked by reversing the spectrometer field and focusing positrons, since the decay gives rise to equal numbers of electrons and positrons. The contamination was found to be less than 1% and was ignored.
Since the energy of the scattered electron varies with the scattering angle, it was necessary to tilt the spectrometer counters in the horizontal plane to ensure the C. Pion-Proton Coincidence Array
The pion-proton coincidence array consisted of a triple scintillator telescope, a 12X 12 hodoscope, and a Plexiglas Cerenkov counter. The entire system was protected from low-energy, charged-particle background by a C magnet with 30 cmX30 cm pole pieces, 35 cm apart, positioned as close to the target as possible to maximize the solid angle subtended by the detectors. The solid angle subtended by the hodoscope in the present measurement was approximately 200 msr.
The data at 0.25 ( G~V / C )~ were taken with an integrated clearing-field strength of 1.9 kG m. For the remainder of the measurements the field strength was 0.81 kG m. Reducing the field increased the background counting rate fractionally, but produced a significant reduction in the distortion of the coincidence particle trajectories caused by the clearing field.
The background counting rate was mainly target associated and depended strongly upon the adjustment of the magnets in the external electron beam and the angle of the coincidence arm with respect to the beam. Under the conditions of the present ex~eriment the y-ray background in the counters necessitated the use of a triple coincidence in order to reduce random coincidences to an acceptable level. Typically, with resolution time of 10 nsec, the triple coincidence rate SS2S3 was only 10% of the SlSz coincidence rate.
In the majority of kinematic situations encountered in the experiment, pions from the e-+fzf ?r+ final state had P20.9, whereas protons from the ?rO reattion had P50.7. Therefore, in principle, a Plexiglas Cerenkov counter for which the threshold is Pz0.66, provides a simple means of separating the two single-pion electroproduction reactions. Two such counters were constructed. The first was used in the measurement a t 0.25 ( G~V / C )~ and a second, improved version was used a t all other four-momentum transfers except 0.6 ( G~V / C )~, where both were employed.
IV. EXPERIMENTAL PROCEDURE
Whenever an event of interest occurred, an event pulse was generated. This pulse triggered a multiplexer circuit connected to the PDP-1 and initiated the transfer of the following information to the computer, where it was stored on magnetic tape.
(1) Pulse-height information from counters S1 and Sz, the Plexi las Cerenkov counter C, and the electron shower and 8 erenkov counters.
(2) Information regarding which of the 35 electron counter and 24 hodoscope counter discriminators had been triggered.
(3) Pulse-height information from a time-to-ampli-nucleon c.m. energy assigned to a particular spectromtude converter (TAC) which registered the time differ-eter energy bin. ence between electron and coincidence-arm pulses.
(4) The incident beam energy a t the time of the B. Calibration of Spectrometer Energy Bins event.
(5) The presence of any of several real or delayed coincidences between selected counters.
(6) The current status of devices recording the integrated beam current, run time, and the total number of triggers which were presented to the computer.
An event pulse was generated by a fast triple coincidence S1S2S3 in the recoil array in coincidence with either an "electron" pulse in the spectrometer, or an electron pulse delayed by approximately 42 nsec. The latter pulse was used to investigate the hodoscope distribution of random-coincidence events and was an essential feature of the experiment because the background fluu was not uniform across the hodoscope. An event was labeled "real" or "delayed" by setting an appropriate bit in one of the nlultiplexer words.
.4n "electron" pulse was generated by the coincidence of at least two electron momentum counters, indicating the presence of a crossing trajectory in the quadrupole spectrometer, together with a pulse within the electron peak in the shower counter. The Freon Cerenkov counter was not involved in the formation of the event pulse.
The conditions necessary for the generation of an event pulse were deliberately kept nonselective in order to avoid the rejection of genuine events.
A. Scattered Electron Energy
The average energy focused in the central bin of the electron spectrometer as a function of the half-quadrupole current was determined experimentally by measuring the position of the elastic scattering peak for a large number of incident beam energies. I n order to obtain a result which was independent of the angle of tilt of the spectrometer counters, a ly0 correction was made to the scattered energy t o obtain the energy which would have been focused a t the pivot of the central counter with the same magnet current. This energy is independent of the counter tilt.
The calibration procedure was onlj-used to obtain a curve of dE/di versus i, where E is the energy focused a t the counter pivot and i is the current in the halfquadrupole magnet. The scattered energies for a particular set of electroproduction data were determined by first focusing the elastic-scattering peak a t the center of the focal plane and then reducing the magnet current in order to focus the A peak. Since the scattered energy a t the elastic peak was known, it was only necessary to use the magnet calibration to deduce the energy change produced by the change in current. This procedure led to an error of approximately f 10 MeV in the pionThe acceptances of the nominally lY0 wide energy bins of the electrons spectrometer were determined experimentally by letting each counter perform a stepwise integration over a particular electron energy spectrum. The incident electron energy and scattering angle were fixed and the current in the magnet was varied in eaual s~~D s in order to move the electron spectrum past the bin in question.
I n the following discussion it is convenient to label quantities with two parameters, x the bin label and i the magnet current. The objective of the calibration was to determine AE (x,io) , where AE (x,io) is the energy acceptance of the xth bin at current io, for all x. Since the magnet did not saturate appreciably a t the currents used,
with an accuracy better than 1%.
The formula for S,, the total number of electrons in the particular spectrum, is where the factor S , corrects for the loss of electrons from the xth bin due to counter overefficiencies and inefficiencies, Ai is the current increment, and Ni is the number of counts obtained in the bin a t current i. Substituting for dE/di and rearranging, Equation (6), without the factor l/iV,, gives the relative sizes of the energy bins. The absolute normalization of these bins was determined in two independent ways.
(1) For each fixed current, an energy interval centered on the peak was chosen. The nominal width of this interval was selected to be the same as that used in the determination of the relative bin sizes and an integral over the spectrum was performed using those counters which were within the interval. This integral, which determined S,, was calculated for all currents which focused the peak of the spectrum sufficiently close to the center of the momentum counters that the complete energy interval was available.
(2) The second method of normalizing the bins was to move the elastic peak between two widely separated counters by a known change in current. However, the difficulty in determining the exact positions of the elastic peak contributed a 2.5% error to the bin sizes the spectrometer was, typically, 0.1, the ratio of in this method. In addition to the statistical errors and delayed coincidences to all electrons was 0.01. the error noted above, the measured bin widths contain If the delayed-to-real coincidence ratio had not uncertainties associated with instabilities in the energy limited the beam intensity, a similar problem, that of and position of the electron beam. Fluctuations in the ambiguous hodoscope events, would have limited the energy of the incident beam were kept below O.O20j, and beam to an intensity about twice as high as that which are estimated to contribute an error of less than 3% to was actually used. At the beam intensities used, the the bin sizes. The low beam intensity used during the probability of observing a random event in an addicalibration measurements did not permit the horizontal tional hodoscope counter, in such a position that the position of the beam to be monitored with the rf cavity. genuine particle could not be located to within f one Assuming the maximum horizontal fluctuations ob-bin, was 0.06. served a t higher beam intensities, the corresponding error in the bin widths is estimated to be 3%. The V. DATA ANALYSIS maximum vertical movement of the beam a t the target The analysis of the data was performed in three is eypected to be less than 0.1 mm, which contributes an stages. In the first stage, the raw data stored on magadditional error of less than 3.5y0.
netic tape were analyzed for trajectories in the electron The errors due to these effects were minimized by spectrometer which crossed the focal plane within the varying the magnet current two increments a t a time, desired energy bin. Events satisfying the appropriate with the intermediate steps filled in on a second pass criteria were written by the PDP-l computer onto a across the 'pectrum. Adding the above in quadra-momentum-analyzed intermediate tape.
At the second ture with the statistical errors, the over-all uncertainty stage of the analysis the momentum-analyzed tape was in the width of a single energy bin is estimated to be 7%. reanalyzed with a second PDP-1 program. This program This is the dominant source of systematic error in the enab!ed biases to be introduced in the electron shower present euperiment.
and Cerenkov counter spectra, and in counters S1, St, and C of the coincidence arm in order to select genuine C. Electron Scattering Angle electrons, and pions or protons as required. The data ~h~ electron scattering angle was measured by from this stage were then used as input to an IBM 7094 placing an accurately surveyed 3-mm glass slide in the computer program which performed three main tasks : electron beam. The spot produced on this slide and the (1) tracing rays through the sweeping magnet in beam position observed on the target tungstate screen order to determine the angles and solid angles assoserved to determine the incident-beam direction and its ciated with each hodoscope bin, position relative to the spectrometer aperture.
(2) grouping of the hodoscope data into specified
The rf cavity was used to monitor the beam position @,*-+, bins, and throughout the data taking and a t the time of the glass-(3) normalization and averaging of the hodoscope slide exposure. For some of the measurements the beam data associated with each electron-angle counter. intensity was too low to produce a useful signal in the monitor. For these runs it was assumed that the angular During the first stage of the analysis the cO1nputer deviations were as large as the masinlum deviations not only assigned trajectories to the correct energy observed in the runs for which rf cavity measurements bins but, within each bin, sorted the events into several were available.
categories determined by the pattern of triggered ~h~ uncertainty in the scattering angle was esti-counters. The events were first assigned to one of three mated to be 0.5% a t four-momentum transfers above genera' 0.1 (~e v / c ) * , giving rise to a 2% uncertainty in the (1) those events for which a falling electron tracross section, due to the error in the factor I'T defined jectory crossing the focal plane of the spectrometer in Eq. (2). At q2=0.05 ( G~V / C )~, where the low beam could be unambiguously identified, intensity made beam monitoring difficult, the corre-( 2 ) good, rising trajectories, sponding uncertainty in the cross section is 4%.
(3) events which did not have a pattern characteristic of a crossing trajectory.
D. Beam-Intensity Limitations
Events in classes (I) and (2) were further subdivided Random coincidences between electrons and unasso-into ten categories, coded 00 through 22, and 7 7, where ciated charged particles in the recoil arm were the an error code nl indicates that the event has ~t counters principal source of background in the experiment. I n missing from the perfect pattern and 1 extra counters order to ensure the reliability of the data, the beam on. Code 77 included all events with more than two intensity was reduced until the ratio of delayed to real counters inefficient or on in random coincidence. events was approximately 0.1. Since the ratio of elec-
The sum of categories 00 through 10 for rising and trons with a coincidence to all electrons detected within falling trajectories contained approximately 85% of all event triggers and 95y0 of the eventually accepted and a is a product of nine factors which correct the events. Onlv these categories were written on to the cross section normalization for ., momentum-analyzed tape and used to obtain the electroproduction angular distributions. The appropriate normalization factor for the cross section, S,, was determined by hand-scanning a selection of several hundred events with higher error codes. The error in the correction factor is estimated to be less than 1.57,.
In order to extract the angular distributions as a function of pion-nucleon c.m. energy, the data were grouped into electron-energy bins which subtended approximately 2y0 of the scattered electron energy at four-momentum transfers of 0.05, 0.13, and 0.25 ( G~V / C )~ and 1.57, a t 0.4 and 0.6 (GeV/c)2. The corresponding interval in the n-LV c.m. system was approximately 40 MeV. Since the cross section mightbeexpected to vary rapidly with c.m. energy, the distorting effect of grouping the data into 40-MeV bins was examined using the dispersion theory of Adler.24 For both no and ?r+ &a1 states the errors introduced into the cross section were estimated to be less than 27, and were ignored.
The measurement of pion and proton angles was limited by an uncertainty of approximately 3' (lab) in the direction of the three-momentum transfer to the isobar system, due to the energy and angular resolution of the scattered electrons. In the analysis, the hodoscope data were grouped into large bins, which subtended horizontal and vertical laboratory angles a t the target of approximately 6". For positive pions the corresponding increlslent in c.m. polar angle was 8"-10". For protons the increment was between 10' and 15'.
For small c.m. polar angles, i.e., in the direction of three-momentum transfer, the resolution did not permit a good measurement of +, . However, the azimuthal dependence of the cross section is small in this region and good resolution is not required. At large polar angles, the resolution was adequate and the data were grouped into 4, bins 15'-25' wide.
A. Cross-Section Formula
The cross section associated with one (@,*,+,) bin is given by a sum over all hodoscope (i, j) bins included within the angular bin, and over the electron-angle counters. The formula employed was where S, is the number of incident electrons, AT, is the number of target protons per unit area normal to the incident beam, AB' is the width of electron energy bin,
(1) combined efficiency of electron shower Cerenkov counters, (2) monlentum analysis efficiency S,,
electron angle-counter efficiency, (4) radiation by the electron, (5) the computer dead time, (6) the efficiency of the hodoscope counters, ( 7 ) coincidence particle absorption, (8j combined efficiency of S1 and C for pion or pi detection, and (9) empty target background. and roton N(i, j ) is the number of counts in the (i, j) hodoscope bin which survive all counter biases and for which the delay bit was off. X,(i, j) is the number of analyzed delayed events in the (i, j ) bin. f, is the correction factor to allow a large sample of delayed events to be used. (Since the angular distribution of delayed events did not depend on the electron momentum, a certain fraction of the total number of delayed events was subtracted from the counts associated with each electron momentum bin.)
fa is the fraction of total electron counts observed in 
B. Radiative Corrections
In the region of the A(1236) resonance, the most important radiative correction is the Schwinger correction for electrons which are associated with the proper isobar energy I T ' but which are detected a t higher W (lower scattered energy) because of radiative energy loss by the scattered electron. If this were the only type of radiative correction, the experimentally observed doubly differential cross section would be related to the radiation-free cross section by Since the energies of the coincident pions or protons were not measured, only radiation from the electron was important. Therefore, no attempt was made to use a more complicated prescription for 6,29 and Eq. (8) was assumed to hold for the triply differential cross section.
The other correction to the observed cross section is due to electrons which have radiated into the experimental energy bin from regions of lower TY (higher El).
I n the spirit of the "peaking approximation" it is assumed that this correction can be divided into radiation before and radiation after scattering.
I n a notation similar to that of Bj0rken,2~ the real and observed doubly differential cross sections are related by
where P,(E,EU) and P,(E1',E') are the probabilities for radiation before and after scattering, respectively, The P's are estimated to be reliable to within 20%. The corrections to the triply differential cross sections were performed using a prescription similar to that of Eq. (9). In order to avoid the problem of calculating the efficiency for detecting coincident particles as a function of Il', experimentally observed cross sections were used in the radiation integrals. Since the observed cross sections were not corrected for radiation, an iterative procedure was used.
In the first iteration, the cross sections in the second integral were replaced by the cross sections obtained experimentally a t each value of El1. The cross sections in the first integral were approximated by multiplying the observed cross sections by a factor to correct for the kinematic and form factor variations, produced by the changes in the electron energies. Specifically, the approvimation used was a t fixed I.V and Ea, so that only two of El-4 are independent. I'T is the kinematic factor defined in Eq. (2) and F is a factor describing the dqnamics of the photonhadron vertex. F was approximated by the magnetic dipole contribution to the cross sectionz2
The iteration was continued until successive values of the corrected cross section differed by less than lyo.
Since radiation into the energy bin from radiation before scattering was approximately 5yo of the observed cross section, an error of 40y0 in the radiation integral contributes 2yo uncertainty to the over-all correction. This is of the same order as the uncertainty connected with the peaking approximation. The over-all uncertainty in the radiative correction is extremely d i c u l t to estimate reliably. However, it is expected to be less than 4Yc C. Pion-Proton Separation The separation of positive pions from protons was achieved by setting biases in the pulse height spectra of counters S1, S p , and C. Figure 4 shows the S1 spectrum a t q2= 0.13 ( G~\ T / C )~, IV= 1.23 Gel', where the pion and proton peaks were well separated. In this region it wits possible to isolate a sample of pions with negligible proton contamination by placing biases in the S1 and C pulse-height spectra to produce an over-all detection efficiency of about 807,. Similarly, pure samples of protons could be isolated with an efficiency of about 98%. The angular distributions presented in this paper were determined only from the events which survived the biases in S1 and C. The absolute normalization was determined as follows. Biases were set in two counters a t a time and the resulting pion or proton spectrum in the third counter was examined to determine its efficiency. This was done with several biases until the pure pion and proton spectra were known in each of the three
CHANNEL NUMBER
FIG.
4. Pulse-height spectrum in counter S1. counters. The efficiency for the S1-C bias could then be obtained by estimating the total number of pions or protons in either S1 or C before setting the bias and comparing this number with the number of events surviving the biases. Alternatively, since the spectra in S1 and C were uncorrelated, the efficiency could also be calculated as the product of the efficiencies in each counter. The results using each of the above procedures were consistent.
.it four-momentum transfers above 0.3 (GeV/c,Iz the specific ionizations of the pions and protons became similar and the separation was more difficult. I n this case, the detection efficiency for the less common n+ events was often reduced to 5&SO% in order to prevent proton contamination and was more difficult to estimate. The procedure was complicated by the strong correlation between pulse heights in S1 and S2, and the absorption of pions between S 8 and C. However, the ef-ficiency was estimated in several ways for each set of biases and agreement to within 5' 36 was obtained in all cases.
D. Hodoscope Analysis
The calculation of the solid angle associated with each of the hodoscope bins was conlplicated by the presence of the sweeping magnet field. Because the field was nonuniform it was necessary to make detailed measurements of the field and to employ a computer program to trace the particle trajectories from the target to the hodoscope. All three components of the magnetic field were measured with a Hall probe with a reproducibility of about 0.2y0.
The computer program used to do the ray tracing was an adaption of a CERN progran3O The solid angle subtended bq-each hodoscope bin was determined by finding the rays from the target center which passed through the four corners of the bin. An initial set of trial rays were chosen using an effective-length model for the sweeping magnet and the final raj-s were obtained by iteration.
The uncertainties in the laboratory solid angles are estimated to be less than 2.5% for all except the measurements a t 0.25 (G~'C'/G)~, where the); are expected to be approxinlately 3.0%. The uncertainty is primarily due to the fact that the nonuniform particle deflection results in a distortion of the rectangular bin shapes. The net deflection of the particles varied between 3 and 9 cm a t the hodoscope and was usually no larger than the horizontal dimensions of the composite bins chosen for grouping the data.
E. Backward Protons in the Reaction
e-+p -+ e -f p f no Protons from the reaction e-+p -+ e-+p+nO emerge within a cone of semivertical angle a about the direcaoL. Griffiths, C. R. Symons, and B. Zacharov, CERK Report No. 66-17, 1966 (unpublished) . We are grateful to L. Griffiths tion of the three-momentum transfer, where a= go*, and cosB*,,,= -lp*l/P,p$. Here d: is the Lorentz transformation connecting the proton lab angle to the corresponding c.m. angle, P, is the velocity of the pionnucleon system in the lab, and p* and pa* are the momentum and energy of the proton in the c.m. system. For laboratory angles less than a, two groups of protons are observed, one with O*>O*,, the other with 0*<0*,. I n the following discussion, the former will be called backward protons, the latter fonvard.
The energies of the two groups of protons differ considerably, with the exception of a small angular region near O*, and, for the majority of four-momentum transfers, the backward protons were stopped before they could be counted in the hodoscope. No attempt was made to evaluate forward proton cross sections from hodoscope bins where there was any possibility of backward proton contamination. In practice, except for the measurement a t 0.6 ( G~V / C )~, where the range of backward protons was sufficient to contaminate the whole hodoscope, this limitation merely meant restricting the maximum proton lab angle to approximately 1.5' . At 0.6 ( G~V / C )~ the analysis was confined to a+ cross sections.
VI. NONCOINCIDENCE CROSS SECTIONS
At frequent intervals during the course of the inelastic coincidence runs, measurements of the elastic cross section were made in order to ~r o v i d e a check of the inelastic cross-section normalization. Since the recoil protons from elastic electron scattering were outside the angular acceptance of the coincidence array, the elastic cross sections were measured by detecting the scattered electron alone.
The data were analyzed in a manner similar to that described bv Goitein et aLZ5 The results are shown in Fig. 5 , wh;re they are plotted as ratios to the cross sections predicted by the Rosenbluth formula with the The observed cross sections depart systematically from the predictions of the dipole fit and the scaling law. The most im~ortant effect of this involves the comparison of the inelastic coincidence cross sections with the dispersion-theory predictions of Adler and of Zagury. These theories were evaluated with the dipole fit form factors. Because of this, and the similar fourmomentum transfer dependence of elastic and inelastic scattering, the predictions of Adler and of Zagury for rro production have been multiplied by the ratio of the elastic cross sections to those predicted by the dipole fit. In the n+ production, the theoretical predictions were not normalized in this way because of the dominance of the pion form factor, which was treated as a free parameter.
The elastic-scattering cross-section values and the ratios to the dipole-fit predictions are shown in Table 11 .
A further check on the over-all normalization of the cross section is provided by comparing measurements of the doubly differential inelastic cross section, obtained by detecting the scattered electron alone, with previous measurements. Figure 6 shows a comparison of data obtained a t a four-momentum transfer near 0.13 ( G~V / C )~ with the measurements of Lynch et aL3 a t qz= 0.1 and 0.2 ( G~V / C )~. The present measurements are also listed in Table 111 VI. This change in normalization was less than 6% in all cases (see Fig. 5 ) .
The over-all agreement between theory and esperiment is remarkably good, but several general trends can be identified.
(1) The agreement is best in the region of the (2) ~h k theories underestimate the differential cross sections for I$' greater than the resonance energy (Fig. 9 ). Zagury's theoryu is somewhat better in this FIG. 8 . Angular distributions for the reaction e -+ p i e-+p++ campared with Adler's theory a t q2=0.130 (GeV/c)2, W = 1226 MeV. The effect of the small c o s term in the measured cross section, which tends to depress the data relative to the theory for -$>go0 and enhance it for +<go0, is visible a t most pion polar angles. A -- (') (crn2/'sr) fit prediction the resonance. Once again, Zagury's theory fits the data better.
(3) The theories underestimate the x0 cross section for B,*>90° a t q2=0.4 ( G~V / C )~, even a t the resonance energy (Fig. 10) . Since the theories fit the total crosssection data a t higher four-momentum transfers, this is probably also due to errors in the calculation of the no angular distribution. I t is well known that the theories do not agree with backward angle no photoproduction measurements. However, in the latter case the theories overestimate the cross section.
There are no coincidence data6 from the Deutsches Elektronen Sjnchrotron (DESY) a t q2= 0.8 (GeV/c)2 which are generally higher than theory and tend to substantiate the present measurements at 0.4 ( G~V / C )~.
(4) Although the xo azimuthal distributions are dominated by the large cos29, term, as predicted, there is also evidence for a significant scalar-transverse (co*,) interference term a t qZ=0.13 and 0.25 (GeLT/c)Z (Figs. 8 and 9 ). made a t the Tokyo synchrotron' a t q2= 0.12 ( G e v /~)~.
The 180' no cross section, obtained for e = O . j and 0.7, indicated a large scalar term, but with rather large errors. The DESY data6 a t q2= 0.8 ( G~V / C )~, B,o*= 90°, taken a t two different electron angles, also showed evidence for a scalar term, but again the errors were large.
( 5 ) At q2= 0.13 ( G~V / C )~, K = 256 MeV, the present ?rO data lie below the theoretical predictions by almost a factor of 2. This is surprising in view of the good agreement a t K = 332 LfeVfor the same four-momentum transfer and a t similar K values a t q2=0.05 and 0.25 ( G~\ ' / C )~. Normalization errors have been searched for but have not been found.
A. Phenomenological Analysis of the x0 Data
For the TO process, which does not have large contributions from the pion pole term, it is possible to describe the cross section in terms of a multipole expansion including only S and P pion-nucleon partial waves. I n this section a multipole expansion is presented for each art of the cross section described in Sec. I1 C.
However, since a fit to the data in terms of nlultipoles requires a large number of parameters, the cross section has been described in terms of sis parameters which characterize the only possible angular dependence consistent with the presence of S and P waves. The fits to the data using these parameters should give some insight into the more fundamental multi~ole informau tion and will serve as a useful starting point for a more coni~lete analvsis of the data.
The electroproduction cross section can be described in terms of six independent amplitudes! F i (i = 1 to 6) .22
For the purpose of separating the scalar and transverse contributions it is common practice to work with F1 through F4 which are purely transverse and two purely scalar, linear conlbinations of the original six, F 7 and Fs I n terms of these, the various terms of Eq. (5) and is defined to be twice as large as the S1+ of AdlerZ4 and others. Including only S and P waves leaves seven possible multipoles, giving Substituting for the F's in Eq. (13) 
A least-squares fit to the neutral pion data was performed with A through F as free parameters. The anal>-sis provided four major results.
(1) The data can be adequately described in terms of S and P partial-wave amplitudes.
(2) There are significant scalar-transverse (co*,) terms in the cross section a t q2=0.13 and 0.25 ( G~V / C )~, which are most simply interpreted as interference between the S1+ (scalar quadrupole) and MI+, magnetic dipole, partial-wave amplitudes.
(3) The electric quadrupole El+ amplitude is typically 5-13% of the resonant MI+ magnetic dipole amplitude, in reasonable agreement with photoproduction analy~es.~' (4) The f our-momentum transfer dependence of the Ml+ amplitude, which is often described as the y-VA transition form factor, is approximately proportional to the nucleon isovector magnetic form factor, as suggested by Ash et ~l . ,~* but is also consistent with the exponential form-factor dependence proposed by Dufner and T~a i .~~ Since neutral pion production in this energy region is known to be dominated b y the magnetic dipole amplitude M1+, evamination of the expressions for the angular coefficients shows that A , C, and F will be the dominant terms in the cross section. Furthermore, if the other multipole amplitudes are sufficiently small, the three coefficients will be related by -g-4 = C = F / E .
For each data set a t fixed TI7, q2, and E, the results were fitted with the espression given by Eq. (16) with A through F as free parameters. I n all cases the minimum values of X2 were reasonably consistent with the assumption that only S and P waves were present. For five of the 14 data sets, it was possible to obtain threeparameter fits in A , C, and F which represented the data well and which could not be improved significantly by adding extra free parameters. However, in no case was the relation -$A = C = F/E obeyed within the errors, indicating the presence of significant interference terms in the cross section.
For the remaining data sets, four-parameter fits with either D or E: as the additional parameter produced a reduction in X2, implying the presence of scalar-transverse interference tkrms in the cross section. However, the two alternative fits which were obtained for each data set were essentially identical, since in every case A, C, and F were unchanged within their errors, while the best-fit values of D and E were related by D=-0.7E. When five-parameter fits were performed with both D and E as free variables, X? remained essentialll-constant, but the best-fit values of D and E became unstable. lleasurements with improved precision over a wider range of pion polar angles will be necessary to determine D and E on a purely phenomenological basis.
There are, however, physical grounds which indicate that the fits involving A , C, E, and F are to be preferred. The leading term in D is expected to be Re(SO+) (MI+)*, which will pass through zero in the vicinity of the resonance (since the phase of S 8 is small) while E contains the term Re(Slf)(Mit)*, which should peak a t the resonance. Figure 11 shows the behavior of the fitted parameters a t q2= 0.25 (GeV/'cj2 as a function of pion-nucleon c.m. energy. The fact that the coefficient of the co*, term remains positive across the resonance would appear to rule out the SO+, MI-interference term as the dominant contribution. Therefore, although the situation may be considerably more complicated, the simplest interpretation of the data is that a major wart of the observed scalar-traverse interference term is due to the resonant Sl+ multipole amplitude and that the size of the Slf amplitude is roughly consistent with the threshold relation Although the unambiguous definition of the leading scalar multipoles is difficult because of the problems outlined above, the precision with which the parameters A , C, and F have been determined, and their stability under the inclusion of the cos& term in the fits. enable more definite statements to be made about the transverse multipoles.
If it is assumed that the scalar-transverse interference term is caused by Sl+, MI+ interference, the contribution to A and C from the /Sl+1 term is probably no more than 57, in the worst case. However, because of their small phases, the SO+ and the S1-amplitudes could conceivably make large contributions to '4, even though they give rise to small interference terms. No such problems can occur in C. For this reason C and F have been used to calculate values of Re(El+)(Mli')* and / M I + / 2. Since both C and F contain the expression Table V . The errors are estimated standard deviations and include all sources of statistical, normalization and theoretical errors. I n all cases, the ratio Re(Ml+) (El+)*/ 1 M1+I2 is small, in agreement with photoproduction results. The sign of the interference is negative a t the lowest four-momentum transfer value, as it is in photoproduction, but becomes positive a t q2= 0.13 (GeV, G)~, and finally becomes negative again.
I t is interesting to note that the resonant contributions to the El+ and Sl+ amplitudes are forbidden by the quark rnodeL41 Although this lends some interest to the tentative interpretation of the observed scalartransverse interference term, such a violation of the quark model has already bken suggested by photo- 
B190 (1965).
TABLE VI. Multipole amplitudes in the reaction e-+p -+ e-+p+so IMif 12, Re(El+) (MI+)*, and Re(Mt-) (.c~I')* derived from the phenomenological parameters A , C, and F.
--
of the large number of multipoles neglected in A . However, there are certainly no positive indications of large scalar terms in A .
B. y N A Transition Form Factor
If the A(1236) is viewed as a real particle produced via a magnetic dipole transition, the four-momentum transfer dependence of the MI' amplitude can be related to a phenomenological form factor G.w*(q2). Several definitions of G.v*(q? appear in the literature. In the notation of Ash et UZ.,~~ the form factor contains the complete four-momentum transfer dependence of the amplitude, with the exception of a factor of q*, the photon c.m. momentum which expresses the threshold behavior of the amplitude. Fronz Eqs. (16) 
The present measurement of G M * (~~) is based upon the reaction (e-+p) 4 (e-+A) 4 (e-TO) and the factor of $ in Eq. (22) These results are to be compared with the prediction of current algebra and S LT(6) slmmetry, GM*(O) = 2.3," and the result of a recent current-algebra calculation by Barnes and LVilliam~,~~ G.v*(0)=3.5. Barnes and Williams state that the latter value is espected to be an overestimate of Gni*(O).
The form factor C3 defined by Dufner and Tsai is related to G,If* by Their form factor C3(q2) appears as the coupling constant for one of the three invariant forms of the interaction used in the isobar model. For the purposes of this discussion, Ca and G. w* differ primarily in normalization since the additional four-momentum transfer dependence implied by the square-root factor in Eq. (25) differs from unity by less than 45'4 a t four-momenturn transfers below 0.4 (GeV/c)2.
The values for G**(qz) have been determined by averaging over the resonance. Since the M r , MI+ interference term changes sign a t resonance, its effect on GM* was negligible a t q2=0.13 and 0.25 ( G~V / C )~. The correction caused by this term raised the value of GM* by 4% a t q2=0.05 ( G~V / C )~ and lowered it by 3y0 a t 0.4 ( G~V / C )~. The present values of GM*(q2) are compared with the measurements of Ash et al. in Fig. 12 .
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of +, , th; effects of this term tend to integrate out a i d he agreement is generally good except for our b~e s t the pion form-factor analysis is almost entirely defour-molnentum transfer point, which high pendent on the more reliably calculable dgo/dQ,. Howwhen compared with the more precise ~h o t o~r o d u c~~o n ever, the observation of the cos+, dependence of the data.
shown in the figure are the form-factor de-cross section serves as a qualitative test of the theories.
pendence obtained by Dufner and T~a i ,~~ the prediction additional theoretical error was assiglle,j to the of the static theory of Fubini et ~1 .~~ and the phenome-,,*, term, or to the cos2d, term, which was small in nological form factor implied by the fully relativistic the angular region covered by the measurements, dispersion theory of Zagury.12 The latter curve is taken
The error in the transverse cross section was estifrom resonance. This overestimate becomes worse with increasing 55'. The agreement between theory and experi-VIII. PION FORM FACTOR ment improves as 8,* increases. For this reason data forward of 10" c.m. have been excluded from the fits The a+ data were fitted with the dispersion theories at all energies above 1225 M~V .
~h~~~ data usually had of Adler" and of Z a g u~1 2 using the pion form factor rather large errors, so that this procedure had little as a free parameter. Although the two theories are effect on the fits. almost idential in the photoproduction limit, significant since the ratio R~-~~ (d,,,,/d~~)/(d,,~/d~,) decreases numerical differences exist at four-momentum transfers with or*, most data sets were divided into two subsets, below 0.6 ( G~V / C )~. For this reason, the analysis has one a t small angles and one a t large angles. The two been carried out for both theories. The results are pre-deternlinations of F , obtained from each set were sented separately and serve as a qualitative weighted and averaged. However, the-provided an estimate of additional model-dependent theoretical un-intermediate check on the consistency of the predicted certainties not considered in Ref. 11. distribution in polar angle. One outstanding inconThe cross section for single-pion electroproduction is sistency was found at q2= 0.13 (GeVlc)2, J~T = 1185 given by Eq-( 5 ) . The cross section duo/dQ~ is ;MeV. For this data set the pion form-factor value dominated by a term proportiona1 to the 'quare of the extracted from the forward-angle data a t 12" c.m. was pion form factor and is estimated to contribute between considerably higher than that implied by the large-37 and 68% of the observed cross section, angle data. The p2=0.12 (Ge\T/c)2 form factor value on the c.m. energy and four-momentum transfer. Uerlof et a2.l' assumed a 5% theoretical uncertainty CTSL-42, 1966 (unpublished) .
of the OPE amplitude due to final-state interactions.
We view this as reasonable and have also assumed a 57; error in duo/dQ,. In Sec. VII the presence of a scalar-transverse interference term in the TO cross section, which is expected to be insensitive to the pion form factor, was discussed. This is interpreted a t present as being caused by the interference of the MI+ amplitude with the scalar quadrupole S1+ amplitude. If the latter were as large in the a-cross section, its contribution to duoldQ, would be approximately STo.
For a+ production, the scalar-transverse term S(B,*) is very sensitive to F,, but is highly model-dependent, because the interference between the real pion-pole term and the resonant (imaginary) magnetic dipole for each data set, and the estimated error in the theoretical cross section. Difficulties associated with the pion-proton separation limited the measurements a t q2=0.6 ( G e \ i /~)~ to c.m. energies near 1290 MeV. I n this region, the uncertainty in the calculated value of d r~/ t i Q , was estimated to be of the same order as dao/dQ, so that a meaningful determination of F , was not possible. Table VIII shows the averaged values for F , a t each c.m. energy, and the experimental and total errors. I n the averaging, theoretical errors associated with the large-and small-angle data were assumed to be completely correlated.
For each region of four-momentum transfer the values for F , associated with different values of If' were averaged. Once again the theoretical errors were assumed to be completely correlated. The results are listed in Table I X and shown in Fig. 13 .
Also shown in Fig. 13 are the results of Akerlof et al.,ll the prediction of the p-dominance model, and the q2 dependence of the nucleon form factors, normalized to unity a t q2=0. The errors on the present results are, in most cases, dominated by the theoretical error. Since the theory is constantly being refined, this situation should be temporary, and a more reliable estimate of A more ambitious experimental program, which is less model-dependent, is to attempt to isolate the longitudinal part of the cross section by nleasuring the angular distribution as a function of e. However, precise large-angle coincidence measurements are extremely diflicult a t the present time.
Both the approaches outlined above need to assume the dominance of the longitudinal part of the cross section by the OPE term in order to determine F,, a disadvantage which is not present in Frazer's suggestionlo of an extrapolation to the pion pole. This procedure still appears to be impractical for c.m. energies near the A(1236) resonance since the pole moves rapidly away from the physical region as the fourmomentum transfer is increased. At the resonance peak, for example, the pole is a t cosB,*= 1.15 in photoproduction and a t cosO,*= 1.6 for q2=0.6 ( G~V / C )~. The procedure is complicated by the fact that the extrapolation function is not linear in ~osO,*.~~ However, recent K+ photoproduction angular distributions for E, between 5 a n d 16 GeV 52 show a distinct, narrow peak in the forward direction, which may be associated with the pion-pole contribution. Since, a t fixed q2, the pole moves toward the physical region as IT7 is increased, an estrapolation a t high pion-nucleon c.m. energies should be considered.
Goryachkin and S e n~i k o s~~ have suggested determining the pion form factor from a measurement of x+ electroproduction with a polarized proton target. Such experiments have recently become feasible through the development of polarized target materialsM more re-51 J. G. Taylor, M. J. Moravcsik, and J. L. Uretsky, Phys. Rev. 113, 689 (1959 where duldlt, can be written as the imaginary part of a sum of a product of multipole amplitudes, ( d u / d f i ) , is the unpolarized cross section, and P is the polarization of the target.
The critical point of this suggestion is that dm/&, is expected to be dominated by interferences between the real Born terms involving the pion form factor and the large, predominantly imaginary MI+ amplitude. If a 10% calculation of du/dQ, proves to be possible and the target polarization can be determined to the same precision, this method should permit measurernents of F, with useful accuracy. ACKNOWLEDGMENTS I t is a pleasure to acknowledge the assistance provided by the staffs of the Harvard University Cyclotron Laboratory and the Cambridge Electron Accelerator during the preparation and execution of this experiment. G. Thomson because of the e r r o r in Table I.   Table 111 : In the column under AReT, the nN ent r i e s become also because of the e r r o r in Table I . The values in the column under T, should be multiplied by a factor of 3 because of the e r r o r in Eq. (A.ll). Most of the sign e r r o r s occurred in the change of sign convention for 3K from our earlier Letter1 to the article. They, therefore, do not affect our numbers. The numerical e r r o r s a r e minor and do not affect our conclusions. We a r e indebted to Robert Cahn for bringing most of these e r r o r s to our attention.
